Introduction
Arc welding process is one of the important modern technologies to join metal plates, which are called the base metals.
In order to obtain a good quality of the welding, it is important to design intelligent welding robots 1 3) . When thin base metals are jointed to each other, visual welding robots are applied to the welding. A CCD camera is useful as the visual sensor to observe the weld pool in GMA (Gas Metal Arc) welding using the consumable electrode wire and GTA (Gas Tungsten Arc) welding 4, 5) . On the other hand, in the welding of the thick base metals, a groove is cut on the joining surface and the gap is prepared. In GMA welding, the groove surfaces of the base metal are melted by the arc discharging from the electrode wire tip. The droplets from the electrode wire are deposited to the groove and jointed the base metals each other. Moreover, the welding torch was oscillated to give the heat to the groove surface. The multipass welding was applied to the V groove welding for the thick metal plate. The stable welding in first pass is important to get a high quality of the welding 6) .
In the conventional welding, the backing plate made of the ceramics or same material as the base metal is used to support the weld pool. If the backing metal plate is used, the total weight of the joint increases. In this case, a crack may take place at the joint part, if the strong force acts at the joint part. On the other hand, if the ceramic backing plate is used, the removal of the backing plate is required after the welding. This removal operation is not suitable for the automatic production system. In order to improve this situation, the authors proposed the switch back welding without the backing plates and investigated welding conditions for the gap 7) , when the angle of the groove is over 45 . In this welding method, the welding torch is not only oscillated but also moved forward and backward. First, the torch is moved forward and backward at a high speed to give the arc heat to root edges.
Next, the torch is moved forward at a slow speed to form the weld pool and a desired bead height. The weld pool was formed due to the surface tension of the deposited metal. A good quality of the welding was obtained by using the feed forward control. If the angle of the groove becomes narrower than 45 ,the deposited metal on the root edges droops and the bridge between the root edges becomes difficult. It is difficult to apply the backing less welding to the narrow gap. But, in order to achieve high productivity of the welding, a narrow gap was applied with backing plates 6) . If the amount of the deposited metal becomes big in the narrow gap, the bead height becomes high. In this case, although the arc heat was given on the weld pool, it was not given to the root edge. Lack of fusion takes place at the root edges of the base metals and causes the problem concerning the mechanical strength. Therefore, in general, the amount of the deposited metal is determined so that the bead height is less than 4mm. It takes more than three times of the torch traveling from the beginning to the end of the welding line, when the thickness of the base metal is over 12mm.
The authors applied the switch back welding method to control the bead height and the back bead. But, in the narrow gap welding, the torch motion of the switch back welding is different from the V groove welding with the angle more than 45 . That is, the travelling speed of the torch is kept constant during the forward stroke and the backward stroke. First, the welding torch was moved forward. Since the arc heat was given to the root edges, the stable back bead was formed without the lack of fusion.
Next, the welding torch was moved backward to deposit droplets to the root edges and to the groove surface, so that the desired bead height is obtained.
In order to find the optimum parameters such as the travelling In order to get a high quality of the welding, it is necessary to make a stable back bead and to melt metal plates. In narrow gap welding, it is difficult to control the bead height and the back bead simultaneously by using conventional welding. In order to solve this problem, authors proposed a switch back welding method, in which the welding torch was moving back and forth along the welding line. In the forward torch movement of the torch, the arc heat was given to the root edges to get a wide back bead. In the backward torch movement, the suitable bead height was formed. The traveling distance of the torch becomes key-factor to get a high quality welding result in this switch back welding. By carrying out the fundamental experiments, the numerical model in this welding was prepared. The numerical simulations were performed in the several kinds of the torch movement. The optimum welding conditions was found from simulation results. Its validity was verified by carrying out the welding experiments Key Words: Weld pool simulation, Switch back welding, Robotic welding, FEM, Narrow gap welding, Effect of Latent heat *Received: 2008. 11. 18 **Member, Saitama University ***Student Member, Saitama University distance in the forward movement and the backward movement, the numerical model was prepared by using an equation of heat conduction and carrying out the fundamental experiments 8) . The numerical simulations were carried out by using this model. The optimum stroke lengths for 4 to 6mm gap were found by linear interpolation of the numerical simulation results.
Switch back welding method
The weaving centre of a welding torch is also moved forth and back like switch back, as shown in Fig. 1 . The welding torch is oscillating on groove at 10Hz. The welding current near the weaving centre is the base current to avoid the temperature rise of weld pool. That is, the current waveform is made to synchronize with the torch weaving. The current changes to the pulse peak current from the base current when the torch approaches the groove surface. Since a heat is given to the bead surface and the groove surface, the smooth surface of the bead and no lack of fusion are obtained. 
Numerical model in the switch back welding
In order to find the optimum welding conditions, the numerical model shown in Fig. 1 The heat efficiency to the base metal is 70%, and the 40% of the heat input VI is given to the wire melting, i.e., Q = 0.6 VI is given to the base metals. 0.4 VI is given to the filler wire.
(2) The voltage V is fixed at 22.5 V, which is found from the fundamental experiment result of MIG welding 10) .
(3) The heat can escape to the atmosphere from the surface of the base metal except for the heat input area.
If the forward stroke length L f , the root gap and the bead height are given, the wire melting rate V m is calculated. The welding current I is found in Fig. 2 .
In order to simplify the numerical simulation, the torch is treated as the heat source, of which the size is equal to the spread of the arc in one period of the weaving as shown in Fig. 3 (a) .
According to the welding phenomena taken by high speed video camera, the arc discharges not only to the surface of the weld pool, but also to the groove surface. The arc heat is given to both the weld pool and the groove surface in Fig.3 (a) . The heat input area is divided into two parts by considering spread of the arc, i.e., Q 1 is for the weld pool and Q 2 is for the groove surfaces as illustrated in Figs. 3 (b) and (c).
where the parameters are shown in Table 1 . Let the temperature be U, the heat conduction equation is described by (3) where , and c are the thermal conductivity, the mass density and the specific heat respectively. Equation (3) is solved by the finite element method, FEM. The mesh length in the numerical model is adjusted as shown in Fig. 1. 
Boundary Condition
According to Fourier heat conduction law, the heat flux flows in a normal line. The boundary condition on the area of the heat input is (4) (5) The thermal diffusion is performed on the surface, except the area of the heat input. According to the Newton's law of cooling, the boundary conditions are as follows: (6) (7) (8) (9) (10) (11) where h is the heat transfer coefficient and the ambient temperature is 293K.
Numerical analysis
The heat conductivity depends on the phase of the base metal. The melting point is 1808K for mild steel (SS400). The phase transformation takes place in the temperature field from 1807K to 1809. The authors suppose that specific heat is changed in the temperature from 1807K to 1809K, as illustrated in Fig. 4 .
The parameters used in the numerical simulation are shown in Table 1 .
In order to investigate the effect of the stroke length on the length of the weld pool, the numerical simulations are carried out in three different kinds of root gaps; 4, 5 and 6mm. The weld pool is inclined for the welding direction. In order to represent the slope of the weld pool, the mesh along the welding line is introduced. The mesh size is 2.5mm as shown in Fig. 5 . The molten metal is deposited every mesh. Its amount corresponds to the wire melting rate. For example, if the gap is 4mm and the length of the backward stroke is 15mm, the bead composes of 7 layers.
Simulation results and discussion
By using equation (3), the numerical simulation is carried out in 4mm gap. Its result at the end of the backward process is shown in Fig. 6 . Figure 6 than the stroke length, the molten metal of the weld pool flows to front due to the gravity force. Then the arc cannot be discharged onto the root edges. In this case, it is difficult to get the enough melting of the root edges. If the stroke length becomes long, the weld pool becomes small and the heat input to the base metal becomes small. Therefore, it is desired that the weld pool is little bit shorter than the backward stroke length.
In order to evaluate quality of the welding, the length B is defined as the ratio of the weld pool length to the average between the backward stroke length and 15mm at the end of the backward process. The stroke was shown in Table 2 .
In order to verify the optimum stroke length, the authors tried Table 2 Relationship between gap and stroke to carry out the welding experiment under variation of the gap. In order to simplify the stroke length regarding to the robot motion, the stroke length in the forward process from 4 to 6mm gap was approximated by 20 to 30mm. In this case, the welding conditions for 4, 5 and 6mm were already found in Fig. 2 and stored into the welding database. The authors experimentally evaluated the effect of the feed-forward control on the quality in cases where the root gap was changed like a taper.
At the beginning, the root gap was 6mm. At end of the welding, the gap is 4mm. The welding conditions were set and the welding was started. Then after the completion of one complete cycle of the switch back, the root gap was calculated, and the welding continued until the end position while successively calculating the welding conditions by linear interpolation. As the root gaps became narrower, the weaving width, forward and backward strokes were reduced. On other hand, the welding current, the wire feed rate and the average welding speed were increased.
In the cross section of the welding, there was no lack of fusion. The wide stable back bead was formed, too. A good result of the welding was obtained 11) .
Conclusions
In the conventional narrow gap welding, it is difficult to control the back bead and the bead height simultaneously. The authors apply the switch back welding method to get the wide back bead and to form the desired bead height. Moreover, the numerical model in the switch back welding was prepared by using the experimental results. The numerical simulations were performed to obtain the optimum welding conditions. The welding experiments were carried out to verify the validity of the optimum welding conditions. The smooth surface bead, the wide back bead and no lack of fusion are obtained.
